This study examined the dewatering behavior of sludge subjected to ultrasonic (US) treatment by measuring capillary suction time (CST) and specific resistance to filtration (SRF). The results revealed a significant decrease in the CST and SRF at high volumetric supplied energy, E v (> 5,400 kJ L %1 ) due to the solubilization of disintegrated sludge floc or suspended solids. Moreover, the decrease in the sludge volume/mass and water content was proportional to E v . However, the potential to reduce the sludge cake and water content was lower at higher E v (> 5,400 kJ L %1 ) due to the release of some of the water trapped inside the sludge flocs or cells before sludge compaction. We conclude that selecting the optimal US energy is critical to obtain enhanced dewatering properties and reduced sludge cake. The economic efficiency of incinerating ultrasonically treated sludge cakes was high, with savings of >52% in total treatment costs.
Introduction
A large quantity of sludge is produced in biological wastewater treatment facilities, and the dewatering and disposal of this sludge is a major economic factor in facility operation.
1) The disposal of sludge to landfill has been prohibited in Korea since 2003. Ocean dumping in Korea is regulated according to the Waste Management Law, 2) which was introduced after the London Convention. Therefore, effective sludge disposal and dewatering systems are urgently needed. Several studies aiming to improve the dewaterability of sludge using ultrasound (US) have been undertaken. 3, 4) This process is not hazardous to the environment, and causes no secondary contamination due to the chemicals added. 5) Moreover, following recent developments with high power transducers, the treatment of large amounts of sludge has become possible. The ultrasonic process leads to a cavitation effect, which is a consequence of the extreme conditions of high temperature (> 5000 K) and pressure (> 1000 atm) and the presence of highly oxidizing OH radicals due to the implosive collapse of the cavitation bubble. This property of US can be used for sludge dewatering, and to reduce the total solid (TS) content of sludge. Despite this property of US, there are many uncertainties regarding the effectiveness of sludge dewatering by the application of US, and previous studies have indicated that there may be either a negative or positive influence. [6] [7] [8] Moreover, an assessment of the economics of incineration as a disposal method for sludge cake treated by US has not yet been undertaken.
Therefore, the objective of this study was to determine the possibility of reducing the sludge TS content and dewaterability by US, using the capillary suction time (CST) and specific resistance to filtration (SRF) as indicators of the degree of sludge dewaterbility. [9] [10] [11] In addition, to estimate the economic feasibility of the technique, the useful energy and total treatment costs of the sludge cake produced by the US process were determined using a method suggested by Reimann.
12)

Experimental methods
The sludge samples were collected from an anaerobic digestion tank, at the Jungnang municipal wastewater treatment plant, Seoul, Korea. The initial TS and water content of the sludge were approximately 1.5 and 98-99%, respectively. The pH of the sludge was 7.6. A bath type ultrasonic processor (Chosun CS-1000, 30 © 30 © 30 cm 3 ) with eight unit transducers of 28 kHz each was used. Some studies have reported that ultrasonic sludge disintegration is most effective at low frequencies (20-50 kHz). 13, 14) The CST and SRF were measured to evaluate the dewaterability of sludge by the US process. The CST was monitored using a procedure reported by Na, 9) Park, 10) and Vesilind.
8) The SRF test is also known as the Büchner funnel test. 11) For the raw sludge samples, a CST of approximately 100-110 s and an SRF of 2.44 © 10 14 m kg ¹1 were chosen to correct the other initial factors that may have impacted the measurements. The TS, dissolved solid (DS), volatile solid (VS), volatile fatty acid (VFA), and water content of the sludge cake were measured using normalized methods. 15) All experiments were undertaken in triplicate under the same conditions and the average values were then obtained. The sludge cake was obtained after US treatment and a supernatant was collected following centrifugation for 30 min at 3000 rpm. The alteration of sludge cells and bacteria present and absent US treatment was observed by microscope photography (optical microscope, Olympus IX73).
The results under each set of test conditions were presented as the volumetric supplied energy (E v ). The E v is defined as follows:
where P is the US power applied (kW; 0.1-0.6 kW), V is the total volume of the sludge sample (L; < 0.5 L), and t is the US irradiation time (s).
Results and discussion
3.1 Sludge cake reduction and enhanced dewaterability of sludge following US treatment To confirm the sludge volume and mass following US treatment, the sludge cake produced and the reduction in water content were observed with and without the operation of the US process, as shown in Fig. 1 . At 5,400 kJ L ¹1 , the sludge cake volume was reduced from 5 to 1.3 mL, a reduction of more than 74% (V 2 /V 1 = 0.26). The sludge mass was reduced by 40% compared to the treatment with no US. The water content in the sludge cake was reduced by about 22% at an E v of 5,400 kJ L ¹1 . However, the VFA concentration in the supernatant solution, which was used as an indicator of sludge solubility, was approximately twice as large. There was a more rapid decrease in the sludge cake and water content at an E v below 5,400 kJ L ¹1 than above 5,400 kJ L ¹1 . At the time of initial operation, the water content in the sludge cake quickly decreased due to the release of some of the water trapped inside the sludge flocs or cells, whereas the levels of soluble organic compounds (VFA) in the supernatant increased. However, with a greater energy input (> 5,400 kJ L ¹1 ), ultrasonic disintegration of the sludge could alter the structure of the sludge and the organic fraction. This could lead to a change in the sludge compactibility during the dewatering process. 17) Therefore, the potential to reduce the sludge cake and water content is low with a high energy input (E v > 5,400 kJ L ¹1 ), even though an ultrasonic treatment can reduce the amount of sludge cake for final disposal.
In addition to the reduction of sludge, Fig. 2 shows that the CST and SRF can be used to indicate how fast the sludge will release its water when measured in terms of E v . Normally, a long CST and SRF suggest that a sludge cake has a high specific resistance. A decrease in both the CST and SRF with increasing E v can be clearly observed in Fig. 2 . The CST and SRF decreased from 103 s and 2.019 © 10 14 m kg ¹1 to 43.5 s and 1.0 © 10 14 m kg ¹1 , respectively, between 5,400 and 10,800 kJ L ¹1 of applied energy. The velocity of the CST was about 58% faster, and the resistance of the SRF was approximately 50% lower. However, the CST and SRF values increased between 600 and 3,200 kJ L ¹1 E v , which is the opposite of the conditions required for optimal sludge reduction. Generally, a three-step mechanism is used for sludge pretreatment prior to the application of US. The first stage is a "disruption step" where macromolecules of organic matter within the sludge are converted into smaller molecules by a hydromechanical mechanism. The sludge flocs have a complex (e.g., bacteria, inorganic particles, exocellular polymers) and heterogeneous composition. 18) Most of the water in sludge is intracellular and therefore can be trapped by the cell walls. The water and soluble organics can be easily released at low US energy when the floc is broken up; however, the sludge floc size rapidly decreased at this stage. Thus, at this stage, the water content was increased while VFA concentration was decreased as shown in Fig. 1 . Whereas, the dewaterability (CST and SRF) of the sludge was worsened due to the increased turbidity (Fig. 2) .
The second stage is a "solubilization step", where small molecules become solubilized in relation to the large injection of energy. Thus, the dewaterability of sludge was enhanced due to the solubilization of the sludge particles at high ultrasonic energy (between 5,400 and 10,800 kJ L ¹1 in Fig. 2) . Finally, the treated sludge can be disinfected by the intense temperature and pressure in relation to the operating time of the US process. This result was similar to those obtained in other studies as shown in Table I . [6] [7] [8] Vaxelaire, 6) Chu, 7) and Vesilind 8) also reported that the CST or SRF increased by about 20-100% following the application of low levels of ultrasonic energy (in the first stage) due to the inhibition of organic particles (suspended solids) and their distribution. This can be confirmed from the disruption of bacteria inside the sludge cell as the E v value increased (Fig. 3) . Figure 3 shows that the sludge floc consisted of a porous block and filamentous bacteria can move from suspended particles (2,700 kJ L ¹1 ) to dissolved compounds (5,400 kJ L ¹1 ) according to the US energy applied. This coincides with the increased soluble organic compounds (VFA) in the supernatant due to sludge floc or cell disruption, as shown in Fig. 1. 
Economic assessment of the sludge cake produced by US treatment
If sludge is incinerated, the economic efficiency of ultrasonically treated and untreated sludge can be estimated, using a method proposed by Reimann. 12) He 12) estimated values of the useful excess energy of sludge cake according to the water content and DS (VS, dried organic solids in the sludge cake) in the incinerator. Table II shows the estimated useful excess energy of sludge cake with and without US treatment. It presents the calorific values of untreated sludge, which was dewatered to 59% DS, with an 86% H 2 O content and treated sludge cake (5,400 kJ L ¹1 ), dewatered to 70% DS, with a 67% H 2 O content. Using Reimann's method, it can be estimated that for the incineration of sewage sludge, an energy demand of 2,400 and 1,750 kJ kg ¹1 would be needed to dry a sludge cake dewatered to 86 and 67% H 2 O, respectively.
When incinerated, the energy supplied from untreated and treated sludge with 59 and 70% DS is approximately 1,650 and 5,200 kJ kg ¹1 , respectively. However, Reimann 12) reported that a decrease in the theoretical energy demand and excess energy produced would occur due to heat loss caused by water evaporation. The heat loss varied according to the excess air ratio, dry matter content, consistency of the sludge, and the efficiency of the heating and water evaporation processes. Therefore, a safety factor of ³1,000 kJ kg ¹1 would be needed to account for heat loss due to water evaporation. The excess energy required for an untreated sludge cake was calculated to be ¹1,750 kJ kg
¹1
, whereas that for a treated sludge cake (70% DS) was estimated to be 2,450 kJ kg ¹1 (= 5,200 ¹ 1,750 ¹ 1,000 kJ kg ¹1 ). Therefore, the incineration of an untreated sludge cake requires the use of another primary energy source, such as oil or gas. When dewatered sludge is incinerated, the useful excess energy can be affected by the DS (%) and H 2 O (%) content, which is considered to be a fuel saving factor. The extra costs of the electrical energy required for the dewatering (belt process) and ultrasonic processes and for the incineration system due to the altered volume of the sludge cake are considered to be operational costs. The economic assessment in this study was based on these cost parameters, as shown in Table III . The sludge cake production rate refers to the results shown in Fig. 1 , and the operational costs can be separated into incineration and electric power costs according to the sludge cake produced. As a result, the total sludge treatment costs were calculated as the difference between the operational and fuel saving costs. The difference in the incineration costs with and without the US treatment was 108.2 $/d (201.0 ¹ 92.8 $/d) giving a saving of approximately 52%. A particularly significant economic advantage is gained when considering the sludge transport costs. Thus, sludge treatment by an ultrasonic process not only has an economic benefit, but also results in enhanced dewaterability and a reduced mass of sludge.
Conclusions
This study investigated the degree of sludge dewaterability and the reduction of sludge cake that could be achieved by US treatment. In addition, the economic feasibility of US treatment was also estimated. The results obtained from this study and others are as follows:
1. The CST and SRF can be used as a dewaterability index of sludge, and were increased below 5,400 kJ L ¹1 due to the increasing disruption to suspended solids in the first stage of the proposed three step mechanism. Conversely, a decrease in the amount of sludge cake and the water content was observed at E v < 5,400 kJ L ¹1 due to the release of some of the water that was trapped inside the sludge flocs or cells before sludge compaction. Therefore, it is important to achieve the optimal energy selection of the US applied to enhance the dewatering properties and reduce the sludge cake.
2. The economic assessment indicated that the ultrasonically treated sludge was a more efficient energy source than the untreated sludge because of the high levels of biosolids in ultrasonically treated sludge, resulting from the greater sludge compressibility following the release of some of the water trapped inside the sludge flocs. 
